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SECTTON 1

INTRODUCTION

': Ejectors have been used in man, useful applications in

industry. Ejectors have also been investigated for fliqht appli-

cations and their potential usefulness has been demonstrated in

experimental aircraft.

It has been known for some time (see, for example, references

1 through 4) that a control volume analysis of a constant area

ejector leads to a double-valued solution: one where the mixed

flow is subsonic, and the other where the mixed flow is supersonic.

" -. Further, it is well known that these two solutions are related

by the normal shock relations.

Recently, Alperin and Wu5 have pointed out the potential

advantages of the supersonic branch for applications to thrust
6augmentation. Minardi et al. , who were studying two fluid

ejectors for applications in turbines, also found better results

for their applications when the supersonic branch was utilized.

.-- Extremely high efficiencies (based on thermodynamic avail-

ability) are indicated on the supersonic solution branch. In fact,

following Hoge3 , it can be shown7 '8 that extremely high efficiencies

can also occur on the subsonic solution branch. However, as dis-

V cussed in reference 7, these extremely high efficiencies cannot
%I be achieved in an ejector. Rather, they would require rotating

machinery within the control volume to produce the extremely high

efficiencies. It was shown in reference 7 that an ejector with

a subsonic inlet for the secondary flow (the primary is supersonic

at the inlet) operates at a single operating point when the exit

flow is supersonic. This operating point can be determined by

the methods described by Fabri and Siestrunck2 . Thus, a procedure

is available to evaluate the performance of an ejector operating

on the supersonic solution branch.

It was the purpose of the study reported herein to determine

reasonable estimates of thrust augmentation that could be achieved
with an ejector over a range of Mach numbers from zero to supersonic.

''.,
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SECTION 2

DISCUSSION OF THE SUPERSONIC SOLUTION BRANCH

In reference 7 an analysis for a constant area ejector, such

as shown in Figure 1, is presented. The equations resulting from

the solution are presented in Appendix A. Fiqure 2 presents

supersonic branch solutions to the equations for air driving air

for a pressure ratio of six and a temperature ratio of 3.7 and

for a series of bypass ratios, 3, from 0.5 to 10. The curves

show efficiency, based on thermodynamic availability, versus the

secondary, inlet Mach number, M . As stated earlier there is also

a subsonic solution branch (not shown on Figure 2) which is re-

lated to the supersonic solution branch by the normal shock rela-

tions: if the supersonic mixed flow experiences a normal shock,

the conditions would be the same as the conditions on the subsonic

solution branch at the same value of Ms.

At the higher values of 8 the mixed flow becomes choked,

i.e., the mixed flow Mach number is one. This choking eliminates

a section of the curve as indicated on the bypass ratios of five

and ten. The region over which the solutions do not exist are
3referred to by Hoge as the forbidden region. We have indicated

the boundaries of the forbidden region on Figure 2.
3

Hoge also showed that the control volume equations developed

for an ejector could be solved over the entire region of the

M* - M* plane. The parameter M* (the ratio of velocity to the
p s
speed of sound at Mach one) was chosen in place of the Mach number

since a finite range of the parameter M* covers all Mach numbers

from zero to infinity. An efficiency map for a pressure ratio

of six, temperature ratio of 3.7, and a bypass ratio of 10 is

shown on Figure 3. On Figure 3 the forbidden region becomes egg-

shaped, as shown cross-hatched. In calculating the data for

Figure 2, it was assumed that the inlet static pressures of the

primary, Plp' and secondary, Pls' were equal. In Figure 3 we

show the curve in the M* - M* plane for which Pip P After
p s 

is

2
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proper adjustments for changing M* to M we could take data from
s s

Figure 3 along the curve Pip = Pls and plot the corresponding

* curve for = 10 on Figure 2.

The shape of the forbidden region is independent of the

pressure ratio and depends only on the value of the bypass ratio
and the temperature ratio. Hoge gives the equation for the

boundaries of the forbidden region as

(M*+l/M*) + B(M*+l/M*)/ 1YT= 2 (i+1l (I+j/TR)'. (1)

p p s 5

It is interesting to note that for either the primary or the

secondary flow that if M* satisfies Equation (1), then so does

the value of M* equal to the reciprocal of the first value. Also,

-the curve for which Pl=Pl can be obtained from the isentropic

relations which yield

M*= l-- . (2)

The simulataneous solution of Equations (1) and (2) yields the

pair of points where the curve Pl P intersects the boundaries

of the forbidden region. These results will be used in Section 5.

At this time, however, we wish to consider Figure 2 and 3

further. The very high values of efficiency located at the low

subsonic values of Ms for all of the bypass ratios would provide

excellent values of thrust augmentation if they could be achieved
in an ejector. However, Figure 2 raises serious doubts that this

could happen in an ejector. For example, the data of Figure 2

indicate that at a Mach number of Ms = 0.51 the efficiency at

a bypass ratio of 10 is about 0.9 which is higher than the effi-

ciency (at the same Ms ) associated with any other value of

indicated on Figure 2. Even though the value of efficiency of 0.9

does not violate the second law (since it is less than one) it is

V.. highly unlikely that such a result could be achieved in an ejector.

It was considerations such as these that led us to consider

the control volume solution in more detail in reference 7. It

6

.....
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Thus, some other criteria would ro requirciu to sort out

those solutions that are valid in ejector. Such criteria are

discussed further in the next section.
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SECTION 3

INLET CONDI TIONS

The curves ot Figures 2 and 3 should be considered design

curves since the physical size of the various ejector areas (and

area ratios) would have to change to obtain the performance indi-

cated at various points on the curves. However, once an ejectcr

design is selected its operation will be determined by the boundary

conditions imposed on the ejector.

In addition to the primary and secondary total pressures

and total temperatures, the back pressure (see Figure 1) must also

be known to determine the ejector operation. At any value of Ms
the design is the same for a point on the supersonic or subsonic

branch. Thus, if the back pressure is set at a value eqial to

the mixed-flow, static pressure on the subsonic branch, t.aen the

ejector would operate at that design point and P would be equal
ip

to P1 . This follows since the exit flow is subsonic.

A whole series of values of M could be achieved in thes

ejector on the subsonic branch by adjusting the back pressure.

On the supersonic branch this is not the case. If the back

*' pressure is reduced sufficiently, the ejector will make a trans-

ition to the supersonic solution branch and the operation becomes

..independent of further reductions in pressure. Thus, there is

only one operating point that the ejector will achieve on the
supersonic branch. This operating point can be determined by the

2
methods described by Fabri and Siestrunck We have developed

equations based on their approach in reference 7 and these equations

are also presented in Appendix A.

In reference 7, using the Fabri and Siestrunck approach, we

calculated the data presented in Figure 4 for a temperature ratio

of 3.7 and the other conditions shown on the figure. We chose

various area ratios and plotted the efficiency versus the mass

flow ratio achieved at various pressure ratios. Each curve

'7



.-. - . .-. 3 . . - - - -

1.0.A/A : 3

0.9

4. 0.8 I0
-. 7-~

00

-A/A* = 500
20

S0.6

2M

U 0.5

AIRY = 1.4

. L. 0.4 MO = 2.5 (AlA*= 2,6367)

TR = 3.7
U-
u- PR '-VARIES"' 0.3

X M =2.O; A/A -20

0.2

0.1

v.0 1 I 1
1.0 0.8 0.6 0,4 0.2 0 ,,,

0 0.2 0.4 0.6 0.8 1.0 pm
MASS FLOW RATIO

Figure 4. Efficiency Versus Mass-Flow Ratio for Different
Geometry Mixing Tubes.

9

4.,"

. ...-4-.,. .• .- . - . - •. - = " . " . - . . - . " - - .- . . , . - . . " - " .



terminates at the point where the value 0: :rst reaches

one. The points ave indicated by the hack marks on Figure 4

along each area ratio curve. It is clear from Figure 4 that. t;ie

maximum efficiency is achieved for a given mass flow ratio witn

the smallest diameter tube operating at a value of M* nearly
s

equal to one.

These results were achieved for an ejector that operates

at a value of Ms <l. However, from Fiqure 2 we see that for all

of the data shown that the efficiency at M 1, on a curve for
s

a given bypass ratio, is higher than at any supersonic values of

Ms . However, as shown on Figure 5, this result does not hold

for all temperature ratios. At the low temperature ratios (e.g.,

1.0 and 1.5) there is an increase in efficiency at higher values

of M Since most of our applications are concerned with tem-
5

perature ratios higher than two, we will not consider the in-

creased efficiencies resulting from operation at values of

M >1 at the lower temperature ratios.
S-

In Table 1 we present a computer printout of the supersonic

branch solution for a pressure ratio of six, temperature ratio

of 3.7, and a bypass ratio of four. The first column contains

the secondary Mach number M which is taken as the indenendent

variable. The second column is P s/Pos (because of lack of space,
it is labeled (Pis) and the third column is the temperature ratio

Ts/T . Each of these values is obtained from M using isen-
tropic relations. The exit area of the primary nozzle is chosen

to match the pressure of the primary to the secondary. This

sets the value of the primary Mach number, M (located in column
10), and enables one to find Tl/Top and Pp/P (located in

columns 11 and 12).

Column four gives the ratio of the primary velocity to the

secondary velocity V /V and column five gives the ratio of the

mixed velocity to the secondary velocity.

Column six gives the mixed flow Mach number. Column seven

is the pressure ratio P m/Pos and column eight is the temperature

m os

v' " 10
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TA BLE I

;UPO.:RSONTC BRANCtl SOIT1 c)%

%NSTANT MA3 FLV

CONSTANT AREA SUPERSONIC

FR!MARY VAPOR AIR SECONDARY GAS AIR

PR= 6 000 7R- 3 '01 CP=1 400 GS! 400 WR= ! 00 'P? 29 C0 WE= 2* 10
EY-PASS RATIO= 4 00

PIS T!.; VP/VS VMiVS i PMi 7.4/ GM MP TIPITOE PIPiP? A?/AS AIAP' EFPOE PD,: rFAVL S..

0!00 VIOLATION OF IND LAW REQU:RES NEGATIVE TEMPERATURES

0 '000 VIOLATION OF 2ND LAW REOU.RE NEGATIVE TEMPERATURES

20 VIOLATION OF 2ND LAW REUIRES NECATIVE TEMPERATURES

0 230 VIOLATION OF 2ND LAW G UJi..S NEGATIVE TEMPERATURES

500 VIOLATION OF 2ND LAW REQUIRES NEGATIVE TEMPERATURES

0 3000 VIOLATION OF 2ND LAW REu,1RES NEGATIVE TEMPERATURES

0 3!00 VIOLATION OF IND LAW FOR ADIABATIC SYSTEMS REQUIRES WORK INPUT AND COOLING

D 4000 VIOLATION OF ZND LAW FOR ADIABATIC SYSTEMS REQUIRES WORK INPUT AND COOLING
0 4500 3 070 0 961 6 349 4 543 2 335 0 .69 0 737 i 400 1 92 0 576 0 145 653 16 2 23 C 386

5000 0 843 C 952 5 775 3 7?6 I 086 3 2" 0 861I 400 571 0 141 096 18 322 0 78 1 '7  C 709 C 388
0 5500 0 8:4 0 943 5 311 32.0 I '49 0 292 0 956 : 410 1 96 0 565 0 136 0 104 17 '293 0 6' 1 5 1 613 0 515

C 6000 0 '84 0 933 4 92 1 7. 575 0 352 1 029 1 400 1 99 0 559 0 131 0 li. 16 493 0 52 1 44 0 560 0 58t

0 6500 0 1'3 C- 22 4 609 409 I 442 0 411 1 C88 £ 400 2 01 0 553 0 125 0 !1. 15 873 0 47 1 3? 0 q31 0 6:!

C 7000 0 72: 0 il 4 3239 2 '30 1 336 0 46 1 135 1 400 2 04 0 546 0 120 128 15 399 0 44 1 36 0 515 0 646

52 0 689 0 899 4 :08 904 1 250 0 520 1 173 1 400(2 OT 0 539 0 !15 0"T 135,045 0 42 1 35 0 508 0 656
403 X C 65 0 F87 3 909 1 719 1 :80 0 So .1 205 ! 400 2 10 0 531 0 109 C 142 4 791 0 42 1 34 0 04 0

* 35 0 0 624 0 874 3 736 1 569 1 :Z5 0 608 1 229 1 400 2 13 0 524 0 104 0 148 14 625 0 421 34 0 504 C 6 1

000 0 59! 0 96" 3 555 1 454 1 387 0 6 37 1 245 14 00 2P1 0 516 0 099 ( iC 15 4 53 0 42 134 G 5104 0 ,
9500 0 559 0 847 3 452 1377 1 077 0 646 1 5 051 400 i 0 508 0 093 1 1 12 0 42 34 0 504 3 661

1 0000 0 538 0 833 3 334 I 336 1 094 0 632 1 243 I 400(2 724 0 499 0 088 (0 4ili 2 0 42 14 0 504 066,2
1 2500 0 498 2. 819 3 228 1 314 1 :27 0 606 128 6 400 8 0 491 0 083 0 41 1 34 0.503 663

1 1000 0 468 c 80 3 135 1 299 1 165 0 576 I 211 1.400 2 32 0 483 C 0')8 0 177 14800 0 41 1 3^4 0 501 2 66'

1 15.00 0 440 0 791 3 050 1 283 1 207 0 545 1 :93 1 400 2 36 0 474 0 073 0 182 15 002 0 41 1 33 0 499 0 467

1 2000 0 412 0 776 2 974 1 280 1 249 0 513 1 174 1 400 2 40 0 465 0 069 0 186 15 253 0 40 1 33 0 407 C 670
1 2500 0 386 0 '62 2 906 1 272 1 291 0 483 1 155 1 400 2 44 0 45? 0 064 0 191 I 552 0 40 1 3" 0 494 ; 74
1 ?000 0 36! 0 747 2 844 1 26' 1 334 0 453 1 136 1 400 2 48 0 448 0 060 0 195 IS 898 0 39 i 32 C 491 0 .t?

S3 0 0 1 37 0 733 2 787 1 25? I 377 0 425 1 117 1 400 Z 53 0 439 C 056 0 199 16 291 0 29 1 31 0 407 0 684
1 4000 0 314 0 7,1 2 735 1 254 1 q20 0 398 1 0? 400 2 57 0 431 0 O5 0 203 16 73v 0 38 1 30 0 483 0 689
" 4!10 0 293 0 704 2 688 ' 249 1 463 0 372 1 079 1 400 2 62 0 422 0 049 0 206 17 217 0 37 1 29 0 478 0.69!
1 501 0 0 2"7- 0 690 2 6 45 " 244 50 5 0 348 1 060 1 400 2 66 0 413 0 045 0 210 17 75! 0 36 1 29 0 473 0 70.

553 3 53 0 6'! 2 605 1 240 1 548 0 325 I 041 1 400 2 71 0 405 3 042 0 213 :8.334 0 35 I 28 C 468 1 709

1 400 0 23! C 661 5 68 1 ;.36 1 590 0 3 03 1 023 1 400 2 76 0 394 0 039 0 216 18 967 0 34 1 27 C 462 0 71,
a00 0 1218 0 647 2 .34 ' 232 1 632 0 282 1 005 1 400 2 81 0 38 0 036 0 2119 ,9 650 0 33 1 2'6 0 456 a 724

1 700 0 3 I A34 ' 503 1 .29 , 674 0 263 0 987 1 400 2 8 0 38 C 024 v 221 20 386 C 32 1 25 0 450 C 732
1 7500 0 188 0 620 2 474 I 226 1 716 0 245 0 969 1 400 1 91 0 372 0 031 0 224 21 176 0 31 124 0 444 0 742

8 000 0 "'4 0 607 2 447 1 ?3 1 757 0 298 0 952 : 40 2 96 0 364 0 029 , 21? 221 012 0 29 23 0 437 0 7 5

1 800 0 161 0 594 2 422 1 220 1 799 0 21 0 93 403 . 61 0 356 0 027 229 27 926 0 28 1.: 0 430 0 760

1 9000 r 140 0 58: 399 : 510 I 842 2 197 0 q:8 4 40 3 CO 0 348 0 05 . 21 23 892 : 27 : 20 242 0 .C7'0
1 9!00 0 28 3 56 3 2 3'" :2;5: 580 8 .3 0 9 12 400 3 1i 0 340 0 023 233 24 91' 3 25 2 ;, 3 414 0 ?

2 0900 2 :28 S5e 3I : 2"2 " 92I i 170 0 88 401 3 16 0 33 02: U3 2 3 0 24 : :8 0 40t 1, 79
O!OC " 119 0 .43 2 337 :1! : 961 C :58 0 872 1 400 3 2: 0 326 0 020 : t7 27 168 1 22 1 :6 C 398 o 112

12
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ratio T /T The gamma value of the mixture is cven .n colu:r
m oIS

nine which would vary if two diffe rent spltc:: wr< ,n, n (.

Column thirteen gives the area ratio A /A required to

match the inlet pressures and column fourteen qiives the ,abiu,

of A/A*. The last four columns give the two efficiencies, total
p

pressure, and the entropy increase. The efficiency based on

availability, labeled ERAVL, is plotted on Figure 2.

The Fabri conditions cannot be directly applied to the

solution given in Table 1 since the geometry changes at each

point. However, if we select designs (i.e., fix the geometry)

from those presented in Table 1 we can then apply the inlet

criteria to determine the ejector operating point for each of

the selected designs. We have marked four such selections in

Table 1 at values of M < 1.
S5-

Each of these four selections was used to generate an

operating characteristic. These solutions, for the supersonic

branch, are presented in Tables 2, 3, 4, and 5. The occurrence

of the design points is indicated in each of the tables. These

tables are basically different from Table 1 since they are for

an ejector of given geometry which is presented at the top of

each table. The columns referring to the primary conditions

and to area ratios have been removed and replaced by the mass

flow ratio of primary to secondary flow which is labeled M.P/M.S

(the reciprocal of the bypass ratio).

Following the procedures that we developed in reference 7

for applying the Fabri and Siestrunck inlet conditions (the

equations are given in Appendix A) we constructed the graphs

presented in Figure 6 for each of the four designs. Figure 6

presents the total pressure ratio required to operate at the

indicated value of M. Thus, the intersection of each of the

curves with the pressure ratio of six gives the value of M at

which the particular ejector would operate. Only the design

labeled "4" operates at the chosen design value of Ms which was

Ms =1. One can prove (see Appendix B) that the inlet conditions

always allow for operation at M = 1 and PI= Pls"

13



TABLE 2

CASE 1

CONSTANT CEDNETRY

CONSTANT AREA SUPERSON:C
PRIMARY VAPOR AIR SECONDARY GAS AIR

PR- 000 TRl 3 700 GP:I 400 GS=z 400 VR- : 00 WP- 2 CC- WSr 29 03

A!AP': 19 6!3 APtAP'7 1 580 AP'AS= 0 0 8
MP= 3 1 TIPITDP:C 57c PIP'POS=0 345

! :2 VMMVS V14 I PM' TM/ GM MS MP EFPO5 POM/ EFAVL SR
- 05 0 V!CLAT!ON OF 2ND LAW REQUIRES NEGATIVE TEMPERATURES

: V.0 V:CLATI N OF 2.D LAW REQUIRES NEGATIVE TEMPERATURES

C " 52 ViOLATION OF 2ND LAW REQUIRES NEGATIVE TEMPERATURE

20.00 V:2LATON OF 2ND LAW REQUIRES NEGATIVE TEMPERATURES

250 V1OLATION OF 2ND LAW REQUIRES NEGATIVE TEMPERATURES
3 03 VIOLATION OF 2ND LAW FOR ADOABATIC SYSTEMS REQUIRES WORK INPUT AND COOLING

3500 VIOLATION OF ZND LAW FOR ADIABATIC SYSTEMS REQUIRES WORK INPUT AND COOLING

4000 VIOLATION OF 'NO LAW FOR ADIABATIC SYSTEMS REQUIRES WORK INPUT AND _OLING

4500 0 970 0 96: A 351 4 543 2 335 C 169 0 737 1 400 Q 999 06 2 23 1 C 906 C :

-80 0 043 0 952 5 '42 3 750 2 000 0 224 0 837 1 400 4 3 50 1 751 0 719 2 352

15H 0 814 0 043 ! 244 3 152 I 461 0 2SC 0 914 1 40C 4 6: C e30 !51 0 611 C 4t2

0 0010 ,2 784 0 933 4 835 2 687 1 578 0 338 0 974 1 400 4 876 0 52 1 319 0 541 0 5 1
C 6!00 0 753 0 922 4 489 2 31@ 5 430 0 397 1 024 1 400 5 i02 0 4! 3!7 0 4Qe 0 550

c .CIO' 0 0 'z 0 9I1 4 194 2 017 5 305 0 457 1 066 1 400 5 294 3 41 1 276 0 468 0 563
0 ?!G0 0 189 C 899 3 94I 760 190 0 523 1 10! I 40C 5 454 0 o 1 254 0 45,2 0 565

0 8000 3 056 0 887 '210 1 500 1 051 0 413 .5 5 400 !81 0 38 1 243 0 445 0 562

C 9500 IMAGINARY SOLUTION

0 7000 IMAGINARY SOLUTION

0 9530 IMAGINARY SOLUTION

. 0 000 IMAGINARY SOLUTION

.1'5-30 IMAG I NA RY so LUT ION

. 1 001 IMAGINARY SOLUTION

1050 IMAGINARY SOLUTION

:2300 iMAGINARY SOLUTION

25CC IMAGINARY SOLUTION

2000 0 Oi 0 747 2 493 1 0l 4 100 3 "4 0 4 43 1 400 434 0 35 1 22 3 431 0 58

35 -00 0 37 C 733 2 414 0 0, 0 Io! 0 0 6 : :24 1 400 020 0 34 1 223 0 420 C 63

4040 0 314 0 7! 2 3hI 1 7 2 a.. 0 4i5 I 12 1 400 q 397 2 335. 219 0 425 0 £18

4500 £ 293 0704 2 303 1 053 1 :57 0 464 309 : 400 5 Ci 32 1 214 0 42: 0 625

S50C r .2172 0 690 2 249 1 o 1 2*8 0 43' 28; 400 4 926 0 1 1209 0 459 n 04

:I." 502) 67 : 200 I r3 1 3W7 C 4'3 3 390 402 4 '82 3 30 1 204 0 415 0 6'4
.." 3-" 5 C 4 t 153 t 094 1 4 .2 T4 400 4 t14 0 2 198 0 4:2 0 ±5

6!,'C 3lF 0 64' 2 110 O 0 4C9 0 Ic' i C68 : 400 4 48, 0 2 ' : 0 409 , '5E

'000 3.03 0 434 2 070 :00 443 0 2 3 0,4 : 400 4 332 :5 1 4 0 404 C 743

• '- ' 5.i 0 6"0 2 23 322 0 475 332 q ?c 1 403 0 2 2 0 076 3 433 I '9
,830 :74 0 4e' i 3: 1 :04 '.5 0 335 05 3 400 4 3t 023 :7 167 0 400 0 790

9!51 2 O ! 1, !94 :'7 12' 5 C 3102 C 6e 0 40t 3 67! : 2 'B5 0 23 ̂ C 8:4

"'-" 3 '30 0 o so: 12 0 50 50 " 562 0 25 1 C,6 0 400 3 725 : 9 5 248 0 394 0 e54
5 I 9530 3 )3 C 569 • '' : 00: 0 589 3 3: 1 05' 1 420 3C 78 2 3 : 37 232 0 !05
" 0000 0 :28 0 !56 I 033 :i 1 ?:14 0 260 I 059 1 400 3 433 i t± 1 126 0 390 0 q17

WA 2 0500 0 :!? A 54? 35 54 16 2 637 0 249 1 0: 1 400 3 22 0 :4 ' 314 0 388 C 9:

14



TABLE 3

CASE 2

:2)NTAKT ZEOMETRY
CONSTANT AREA SUPEP0rSONI.

PRIMARY VAPOR AIR SECONDARY GAS AIR
PR- 000 TR 700 CP-I 400 GS-! 400 WR:" 06 WF: 2 00 '5- 29 70

&101- 1! 399 A AF'= 1 745 015k= 0 12

MPz 2 04 TIPiTOP-O 54o PIP/OS=0 1:0
r PlC TIC VPVS VM'VE c PM! TM CM MS IP EPOS Pot'. EFAVL SR

0 0 00 VIOLATION OF 2ND LAW RE3UIRES NECATIVE TEMPERATURE

" 1000 VIOLATION OF 2ND LAW REQUIRES NEGATIVE TEMPERATURES

e 1500 V.OLATION Or 2ND LAW REQUIRES NEGATIVE TEMPERATURES

0 2&00 VIOLATION OF 2ND LAW REQUIRES NEGATIVE TEMPERATURES

0 2500 V!:cATICN OF 2ND LAW REQUIRES NEGATIVE TEMPERATURES

0 3000 VIOLATION OF IND LAW FOR ADIABATIC SYSTEMS REQUIRES WORK INPUT AND COOLING

0 3500 VIOLATION OF 2ND LAW FOR ADIA3ATIC SYSTEMS REQUIRES WORK INPUT AND COOLING

0 4000 VIOLATION OF 2ND LAW FOR ADIABATIC SYSTEMS REQUIRES WORK INPUT AND COOLING

0 450t 0 070 0 961 6 571 4 660 2 271 0 188 0 823 1 400 3 022 0 94 250 C 823

C 5000 0 843 0.952 5 941 3 073 1 972 0.243 0 908 1 400 3 267 0 '4 8 21 0 '03 461

0 g500 0 814 0 943 S 42q 3 270 1 754 0.2q9 0 991 1.400 3 400 0 6: 1 600 t c24 C ,;

0 6000 0 784 0 933 5 002 Z 802 i 585 0 355 1 049 1.400 3 604 0 52 1 475 0 572 0 609

0 6500 0 753 0 922 4 644 2 431 1 449 0 411 I 09i 1 400 3 l55 0 47 1 403 0 !.'. 0 t5

0 7000 0 721 0.911 4 339 2 130 1 336 0 467 1 135 1 400 4 000 0 44 1 360 0 515 0 646

0 'o500 0 689 2 899 4 077 1 881 237 0 525 2 169 1 400 4. 42 i 336 0 5.2 0 640

0 8000 0 456 0 387 3 849 " 666 1 144 0.586 ' 303 1 400 4 216 0 41 1 323 0.494 0 t46

- . 0500 0 624 0 8'4 3 649 1 420 , 015 0 684 1 253 1 400 4 289 0 41 1 317 0 491 0 64i

- 0 9000 IMAGINARY SOLUTION

0 9500 IMAGINARY SOLUTION

1 0000 IMAGINARY SOLUTION

1 0500 IMAGINARY SOLUTION

1 1000 IMAGINARY SOLUTION

1 1500 "MAf*INARY SOLUTION

I 20l3 0 4:2 c ?'6 242 I :0 1 053 0 650 1.240 1.400 4 248 0 40 1 311 0 487 0 652

I 250. 2 386 0 ?! 2 65' 1, 13? 1 122 0 597 1 215 1 400 4 182 0 39 ! 310 086 6, 660

I 3300 0 361 0 "47 2 5?9 1 142 1 07' 0 159 0 199 400 4 10t 0 39 1 300 0 485 0 V2
1 357. C 37 : 7.3 2 510 1 047 1 Z17 0 527 1 187 ! 400 4 019 I 38 1 306 0 484 1 684

0 4-30 0 314 0 718 2 443 1 110 1! 258 0.498 1 176 1 400 3 926 0 27 1 303 0 483 0 699

.13 13 0 734 ' 3831 112 , 97 0 411 1 i67 : 400 82. 0 37 I300 0 441 0.?:!

5100 2 ,7. 0 90 2327 3 : 1 334 04i? 11591400 4032 0 36 297 0400 0 '33

5'00 0, 253 0 675 2 27 6 5 I 370 0 424 1 !53 1 400 . i13 0 35 1 293 0 480 0 ":

4o00 ? i5 0 662 2 22 I 1.5 1 405 0 402 ! 147 1 400 3 501 0 34 1 289 0 479 0 772

:1 14,218 64i 20 1 :s53 1 438 C 382 1 143 1 400 3 357 033 24 348 3

-"7 5) . 03 0 634 2 14. 1!9 , 469 0 364 1 040 1 400 , 272 0 32 1 278 0 474 0 5:"

*a S:, !52 :9 ~ 0 0 03 i 1: 500 D 34i I1 130 1 00 :1? "a 3: 1 ", 41i c 91

14. .60' 1 3 . 9 .330 '136 : 400 3 141 30 165 0 475 C 0E6
•.............. 594 2 14 1 :4 1 .1" 0 3 !5 " 13: 1 490 90s 0 15 ? 258 1 74 0 472

: '000 ' .49 ! 58: i .CC I : ! 24 0 30:.1 137 4 400 2 A:5 0 2 1 1 250 2 414 0 920

19527 !:3 p :! c :Il : 11 25 430c :t 31 4: C 4% c 94e

: 00 : . ,] 2 '45 1 0'4 i .34 : ̂ .75 1 141 1 400 2 14 2 15 1 232 0 913 c 9"

2 0500 ! : 3 43 . P : 4 05 0 264 1 i4, 1 400 2 4 7 C 23 1 222 0 0'. " 0 '

,.A
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U. 2  TABLE 4

CASE 3

:2NSTAN T CEC .ETRY

PRIMARY VAPOR AIR SECONDARY GAS AIR
6 COPR O C TRT ? 300 CP: . 400 CS= 400 VR 1 00 WP7 2 0C wSt 20 o0

A/AP'; 14 !34 AP/AP'* 1 953 APIAS= C 155
" - MP- 2 !7 TIP/TOP0 515 PIP/POS=0 099

-s PI5 TIS VP)VS VM/V ,  MM PM/ Ty/ GM MSIFP EFPOS POP/ EFAVL SR
. 0 0502 VIOLATION OF 2ND LAW REQU!RES NEGATIVE TEMPERATURES

0 1100 VIOLATION OF 2ND LAW REOUIRES NEGATIVE TEMPERATURES
0 1500 VIOLATION Or 2ND LAW REQUIRES NEGATIVE TEMPERATURES

J'. 32000 VIOLATION OF 2ND LAW REOUIRES NEGATIVE TEMPERATURES
- :!01 VIOLATION OF 2ND LAW: REQUIRES NEGATIVE TEMPERATURES

0 3000 VIOLATION OF 2ND LAW FOR ADIABATIC SYSTEMS REQUIRES WORK INPUT AND COOLING
0 3500 VIOLATION OF IND LAW FOR ADIABATIC SYSTEMS-REOUIRES WORK INPUT AND COOLING
0 4000 VIOLATION OF IND LAW FOR ADIABATIC SYSTElS REOUIRES WORK INPUT AND COOLING
0 45t0 0 872 0 9I 6 790 4 754 2 296 0 18? 0 634 1 400 2 784 C 94 2 324 0 827 0 205
0 5000 0 843 0 952 6 139 2 9!3 Z 001 0 240 0.929 1 400 3 010 0 75 1 881 0 714 0 475
0 5!00 0 8:4 0 943 5 609 3 347 1 786 0 293 1.002 1 400 3.214 0 62 1 650 0 6,9 0 S'S
0 6000 0 784 0 933 5 169 2 8?7 7 621 0 346 1.058 1 400 3395 0 54 1 519 0 588 0 624

6500 0 75a 0 922 4 799 2 506 1 489 0 399 1 104 1.400 3 552 0 49 1 44 0 554 0 652
0 ?00 0 721 0 911 4 484 2 208 1 381 0 450 1 141 1.400 3.686 O.45 1 395 0.532 0 665
0 750 0 689 0 899 4 213 1 966 1 291 0 500 1 172 1 400 3 797 0 43 1.367 0 518 0.669
0 5000 0 656 0 887 3 977 1 765 1 214 0.547 1 199 1.400 3885 0 42 1 352 0.5!0 0.668
0 8500 0 624 0 874 3 770 1 590 1 148 0.592 1.223 1.400 3,952 0 42 1 344 0 506 0 665

." 0900 0 591 0 861 3 588 457 1 090 0 635 1,244 1 400 0 42 1,340 0 504 0661
: 9500 0 559 0 847 3 426 1 334 ! 037 0.677 1.265 1 400 4 025 0 42 1 339 0 503 0.659
1 0000 IMAGINARY SOLUTION

0500 0 498 0 819 3 152 1 Z24 1033 0.680 1267 1 400 4025 042 1 338 0 c03 0.659
-- -. 1 :000 0 468 0 80! 3.035 I 221 1 078 0 644 1 249 L 400 4 002 0 42 1 339 0 503 0 662
,' . 1100 0 440 0 '91 2 ?Z9 . Z1 1 .109 0 61Z 1 235 1 400 3 964 0 41 1.339 0.503 0 667

1 2000 C 4:2 0 77t 74 833 1 211 1 159 0 582 1.221 1 400 3 914 0 41 ! 339 0 503 0.674

0 Z!O 0 386 0 762 2 745 1 208 1 198 0.553 1 209 1.400 3.853 0.41 1 338 0 503 0 682
* 3000 0 36: 0 747 2 665 1.205 1.237 0.526 1 !98 1 400 3 783 0.40 0 338 0 503 0 693
2 !500 ,i 33 0 ?33 2 !92 1 202 1.275 0 500 1 188 1 400 3.704 0 40 1 337 0 503 0.704

< 1 4000 0 314 0 718 2 524 ! 200 1.312 0 475 1.179 1 400 3 618 0.39 1 337 0 503 0.716
-u" 14500 03 93 0 704 2 462 1 199 1.348 0,451 1.171 1.400 3.526 0 39 1 335 0 502 0 733

1 5000 0 :.2 690 2 405 1 198 1 383 0 429 1 164 1 400 3 429 0 38 1 334 0.502 0 749
1 '!00 253 0 67 3 31 1 1 417 0 408 1 158 400 3 329 C 37 1 331 0 502 0 766
1 60,2 3 235 0 661 2 302 1 19?7 1 451 0 389 1 153 1 400 3 226 0 36 1 329 0 502 0 785

00., 2 ! 8 0 647 2 256 1 190 1 483 0 370 1 150 1 400 3 121 0 36 1 326 0 502 0 805
- 701 : 22 3 0 634 2 213 1 199 1 514 0 353 " 147 1 400 3 015 c 35 1 322 0 502 0 .82'

'00 0 i8 0 620 2 174 1 199 1 545 0 336 1144 1 400 2 909 0 34 1 318 0 502 0 849

. A90 0 2,4 0 607 2 C36 1 200 1.574 1 321 1 143 1 400 2 803 0 33 1 313 0 402 0 8'3

I 05 ' 1 :o6 1 594 2 !01 1 102 1 603 0 306 1 143 1 400 2 698 0.32 1.307 0 502 0-897

1 9020 0 149 0 5f! 069 2C.1 2 630 0 293 1 144 : 400 2 593 3: 1 301 0 502 0 922
1 9500 0 138 0 568 2 038 1 206 1 656 C 280 1 i45 1 400 2 491 0 30 1 295 0 503 0 948
0000 0 l27 0 5 2 000 ' 681 0 268 1 1.8 1 400 2 390 0 20 9 288 0 504 C.975

20500 0, 118 0 543 1 902 I 1 11 1706 0 257 1 15 1 1 400 2 292 Z 20 1 20 0 50! 1 003

16
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TABLE 5

CASE 4

CCNSTANT -OMET FY
CONSTANT AREA, SUPERSONIC

PRIMARY VAPOR AIR SECONDARY GAS A!
PR' i 000 TR= 1 700 CP=1 400 GSz! 400 4R= 0 00 WP= 29 00 WS 29 00

A!APt- 14 552 AP!AP, 2 076 APIAS- C If!
MP= 2 24 TIPFTOF=0 499 PIP/POS:0 088

IS 91 TI5 VP/Vs VM/VE Ns M PM/ TMI CI MS/MP Er05 PC.i EFAVI. SP
0 0500 VIOLATION OF IND LAW: REOVIJRS NEGATIVE TEMPERATURES
0 1000 VIOLATION OF 2ND LAW REQUIRES NEGATIVE TEMPERATJRES
0 :500 VIOLATION OF 2ND LAW REOUIRES NEGATIVE TEMPERATURES
0 2000 VIOLATION OF IND LAW- REUIRES NEGATIVE TEMPERATURES
0 2500 VIOLATION OF IND LAW REQUIRES NEGATIVE TEMPERATURES
0 3000 VIOLATION OF 2ND LAW FOR ADIABATIC SYSTEMS-REQUIRES WORK INPUT AND COOLING
0 3500 VIOLATION Of 2ND LAW FOR ADIABATIC SYSTEMS.REQUIRES WORK INPUT AND COOLING
0 4000 VIOLATION OF IND LAW FOR ADIABATIC SYSTEMS-REQUIRES WORK INPUT AND COOLING
0 4500 0870 0 91 6 900 4 766 2 22 0 183 0,827 0 400 2 761 0 95 2 364 0 35 t 292
0 5000 0 843 0 952 6 238 3 Q63 2 024 0 235 0 Q2' 1 400 2 985 0 e 905 0 731 0 46'
0 5500 0 814 0 943 5 700 3 376 1 -07 0 287 0 995 1 400 3 187 0 63 1 666 0 644 0566
0 6000 ,1 784 0 933 5253 2905 1 642 0 338 0521 400 3 366 055 1 530 0 593 0 621
0 o500 0 753 0 922 4 817 2 534 1 510 0 389 1 097 1.400 3 522 0 49 1 449 0 558 C 651
0 7000 0 721 0 911 4 557 2 237 1 404 0 438 1 133 1 400 3 654 0 46 1 401 0 535 0 65
0 1500 0 689 0 899 4 201 1 997 1 316 0 484 1 164 1 400 3 '64 0 43 0 372 0 521 0 670
0 8010 0 656 0 887 4 041 6 600 1 243 0 528 1 189 I 400 3 652 0 42 1 355 0 5!2 0 600

0 8500 0 624 0 174 3 831 1 639 1 14 0 567 1 210 1 400 3 918 I 42 1 346 0 507 0 668
0 9030 0 591 0 86i 3 646 1 509 1 137 0 600 I 227 I 400 3 964 0 42 1 342 0 505 0 665
0 9500 0 559 0 847 3 481 1 408 I 106 0.623 1.138 1.400 3 99! 0 42 1.340 0.504 0 663
1 0000 0 528 0 833 S 335 1 337 1.095 0 631 i 242 1 400 399 0 47 1 339 0 504 0 662

1 0500 0 498 0 819 3 203 1 294 ' 005 C.624 1 239 1 400 3. 91 0 42 1340 0 504 0 663
1 1000 2 469 0 805 3 084 1 268 1 129 0 606 1.230 1 400 3,968 0 42 1 340 0 504 0 665
11500 0 440 0 791 2 977 1 252 1 160 0583 0 220 1 400 3931 0 41 1 341 0 504 0 60
1 2000 0 412 D 76 979 1 241 1 194 0 558 1 209 1 400 3 881 0.41 I 341 ) 504 0.67c

0 2500 0 36 0 762 2.790 1 233 1 229 0 533 1 198 0 400 3 620 0 41 0 342 0 505 0 685
1 3000 0 31 : 747 2 ?09 1 227 1 265 0 508 1 168 1 400 3 750 0 40 1 342 0 505 0 604

1 3500 0 337 0 733 2 634 0 222 1 301 0 484 1 179 1 400 672 0 40 1 342 0 505 0 ?06
1 4000 0 '14 0 718 2 565 ! 219 1 337 0 461 1.170 1 400 3 587 0 40 1 342 0 505 0 718

:4500 0 293 0 ?04 2 502 12.6 0 372 0.438 1 163 1 400 3 496 0 39 1 341 0.506 0 733
5000 0 272 0 90 2 444 1 2!4 1 407 0 417 1 156 1 400 3 400 0 36 1 340 0 506 C.748

1 5500 0 253 0 675 2 390 1 2:3 1 441 0 397 1 150 1 400 3 301 0 38 1 339 0 506 0 765
1 4000 0 235 0 61 2 339 1 212 1 474 0 378 7 145 1 400 3 :99 0 37 1 337 C 506 0 78;

1 6500 0 2!3 C 647 2 293 : 212 I 50i 0 360 0 i41 1 400 3 095 C 3 1 335 0 501 0 803
- 1 700 203 0 634 2 249 1 2 1 1 538 0 343 3 13B I 400 2 990 0 35 0 332 0 503 0 82 4

:'500 0088 l 0 00 2309 213 0 569 0 327 1 136 1 400 2 864 0 35 1 329 0 507 0 845

6 8000 0 174 0 607 2 071 1 214 1,54B t 312 1 135 400 2 79 0 34 1 325 0 508 0 6

- 0500 0 161 0 594 2 :36 I 2ie 0 627 0 298 I 134 1 400 2 675 0 33 1 310 0 508 0 892
- 1 9010 0 149 0 561 2 102 1 71 ! 655 0 285 1 135 1 400 2 571 0 32 I 315 0 509 c 01i

- 9500 0 !36 0 568 2 371 0 IQo  1 682 0 2 73 1 136 1 400 2 470 I 31 0 3 0 0 510 0 94i

*- -. 2 0000 c 126 0 55 2 042 1 2 2 707 0 26 1 38 1 400 2 0 C 3 1 3C3 c 510 0 9 6
2 0500 0 118 0 543 2 04 1 22 4 731 0 250 i 141 1 400 2 272 1 29 1 297 0 512 C 994
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DESIGN M A/A* A /A
p10p

10) 1.92 19.653 0.087

Z) 2.04 15.399 0.128

() 2.17 14.534 0.155

() 2.24 14.552 0.166

~49

8

-.4 7

6

5..' 0.7 0.8 0.9 1.0

Figure 6. Total Pressure Ratio Required to Operate at the
Indicated Value of M for Each of the Four Designs.
The Intersection witR the Pressure Ratio of Six

4' Yields the Actual Operating Point at the Design
Si Pressure Ratio.
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We have plotted the results of our study on Figure 7 where we

show the supersonic branch solution for the bypass ratio of four

where P lp= Pls (solid line, data from Table 1) and the four

operating characteristic curves (dashed lines with data from

Tables 2, 3, 4 and 5) with their actual operating points indicated

as determined from Figure 6. Thus, we see that an ejector cannot

operate on the supersonic solution branch when M < 1 and the masss

flow is given and Plp= Pls" Designs chosen from this branch

actually operate at efficiencies lower than the design value

and lower than the value of efficiency at Ms = 1.

In general, the design curves for which the bypass ratio

is given and the value of Pi= P are valid in the supersonic
lp s

solution branch only for values of M5 > 1. The curves of the sub-s -
sonic solution branch are valid over the entire range of M

s
As discussed in Appendix C an isolated point may exist on the

supersonic solution branch for which Pp = P and M <1. mdi-
lp s s

cations are that this point occurs in the flat region (e.g.,

from Ms = 0.8 to 1 in Table 1) or dips below the efficiency at

Ms = 1. The value of efficiency at Ms = 1 has always been the

highest efficiency obtainable if Ms <1 for a given mass flow.

In the rest of our studies we used the value of efficiency

at Ms = 1 as representative of the maximum efficiency achievable

for the given mass flow and Ms <1.

If the value of Ms = 1 lies within the forbidden region,

swe then used the value of Ms (less than one) found from simul-

taneous solution of Equations (1) and (2) in the studies presented

in Section 5.

19
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0.9 BYPASS RATIO 4

DESIGN PR = 6
POINT TR 3.TR = 3.7

COMBINATION OF SYMBOLS SHOWING DESIGN
0.8 POINT AND ACTUAL OPERATING POINT ON

EACH OPERATING CHARACTERISTIC

0.7

-.o.

>00.6 '

0.5 w-

II -ACTUAL SUPERSONIC OPERATION

0.4

0 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2
MS

*99%

Figure 7. Results of the Study Showing the Actual Operation
of the Designs at Values of M l. Note: Although
the Bypass Ratio is Four at theDesign Points ItWould Not be Four on the Actual Operating Curve.
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SECTION 4

IDEAL THRUST AUGMENTATION OF AN EJECTOR

In order to assess the potential of ejectors used for thrust

augmentation we have made the following assumptions:

(1) For a given bypass ratio, the efficiency on the

supersonic solution branch of an ejector at

M =1 and P =P is representative of the
s lp is

maximum efficiency achievable at that bypass

ratio;

(2) Inlets, nozzles, and diffusers are ideal and

operate at 100 percent efficiency.

.' As explained in the last section, if we restrict operation
of an ejector to subsonic inlet Mach numbers (M <1 ) then the

5
value of efficiency at M = 1 is a maximum (or very close to it)

S
when the inlet restriction is considered (see Figures 4 and 7)

If supersonic secondary inlet Mach numbers are considered,

then at low temperature ratios, higher efficiencies can be

achieved at supersonic, secondary, inlet Mach numbers (e.g., see

Figure 5).

These efficiencies, however, are not sufficiently higher

to make a major change in the results.

The equations for thrust augmentation using ideal conditions

were developed in reference 7 and are given in Appendix A.

Figure 8 presents thrust augmentation for a pressure ratio of

six, temperature ratio of 3.7, and four bypass ratios (0.5, 1,

2, and 4) as a function of flight Mach number M . The thrust

augmentation is good at high and low values of the flight Mach
number, but in the range of 0.7 to 1.1 it is low or even less
than one for all four bypass ratios.

Figure 9 presents similar curves for a pressure ratio

of three and a temperature ratio of two. Again the thrust

.21
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augmentation is good at low and high Mach numbers but poor in

the range of Mach numbers from 0.9 to 1.5.

Figures 10 through 14 present the effects of temperature

ratio on thrust augmentation, , for five pressure ratios: two,

three, four, five, and six.

Figures 10 through 12 are for a bypass ratio of 0.5 and

Figures 13 and 14 are for a bypass ratio of two. On each of the

five figures the flight Mach number is the curve parameter.

Examination of the figures indicates only a weak dependence

of on pressure ratio. The dependence of on temperature is

reversed as we change from subsonic to supersonic flight Mach

number. It also becomes obvious from these figures that the

thrust augmentation in the neighborhood of Mach one is small or

less than one for all pressure ratios, temperature ratios, and

bypass ratios.

The low temperature end of the curves could be improved

slightly by operating the ejector at supersonic values of M
5

It is doubtful, however, that this effect would raise the low-

temperature-ratio end of the curves above one for supersonic

flight Mach numbers, M.

At supersonic flight Mach numbers the thrust augmentation

is more like a ram jet effect than an ejector effect since it

depends so strongly on the energy transfer due to the high tem-

perature of the primary gas.

In the next section we will examine the thrust augmentation

-. of an ejector when operating with a hypothetical engine.

24
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0:

-. 1.3 BYPASS RATIO 0.5

PR = 2

M
C00

a~1.2 0

0.

LL 1.1 5.0
3.0

0.2,5

00.8
1. -1. 0.8

4'.3 0.9

0 1 2 3 4
T0O /T 0S

*Figure 10. Effect of Temperature Ratio at a Pressure
Ratio of Two and a Bypass Ratio of 0.5.
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1.3 BYPASS RATIO =0.5

PR =3

I 1.20

0.2

Lu 1.1

0.5 3.0
fr 0
0.8 2.0

3.02

4.0

0.9

.. 0 1 2 3 4 5
AT 0 T

Figure 11. Effect of Temperature Ratio at a Pressure
Ratio of Three and a Bypass Ratio of 0.5.
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PR =4

1.2
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2.0 BYPASS RATIO =2

PR =5

M
1.8 0 0

S1.6 0.2

00

C0.2

0.
*1.4 0.5

0.2
202.
1.0

.0

5.0
1.0

0 2 34

T p/T0

Figure 13. Effect of Temperature Ratio at a Pressure
Ratio of Five and Bypass Ratio of Two.
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2.0

BYPASS RATIO = 2

PR 6

1.8

aM1il.6 0 M00

-

0.2
CD1.4

-" N5.0
0.5 4.0- 1.2 3.0, 0

2.0
0.8 0.2

J ' .* - 1% 0 , . 5
1.0 0.8

.12.0

0.8

0 1 2 3 4 5
Top/T s

*0

Figure 14. Effect of Temperature Ratio at a Pressure
Ratio of Six and a Bypass Ratio of Two.
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SECTION 5

AN EJECTOR ENGINE COMBINATION

The performance of an ejector when coupled to a jet engine

was studied for hypothetical engines over a range of flight Mach

numbers and altitudes. Hypothetical engines with pressure ratios

ranging from 5 to 40 were investigated for two turbine inlet

temperatures: 25000 F and 30000 F. We investigated cycles with

ideal processes as well as those with nonideal processes. Figure

15 shows a sketch of a T-s diagram for an engine with losses.

The process from 1 to 2 involves ram compression which is

isentropic in the ideal case, or according to MIL-E-5007D as

quoted in reference 9:

P 02
= 1 M, 0 to 1.0 (3)P 0

01

PP0 2  1.35
- 1.0 - 0.076(M -1) Mc, > 1.0 to 5. (4)

P01

The compression process from 2 to 3 was assumed to be adiabatic

with a polytropic efficiency of 1 in the ideal case, and 0.85

*" in the nonideal case. The rpm of the engine was assumed to vary

with flight Mach number so that the pressure ratio remained con-

stant (i.e., a constant specific speed was assumed).

In the combustor, process 3 to 4, the temperature was

assumed to be raised to the maximum allowable turbine inlet tem-

perature with no loss in total pressure in the ideal case or a

5 percent loss in total pressure in the nonideal case.

In the turbine the gas expands in process 4 and 5 and

supplies the work required to drive the compressor. No account was

taken for work supplied to accessories and C and y wer assumed

constant and equal to those of air. The polytropic efficiency

was set to 1 for the ideal case and to 0.85 for the nonideal case.

30
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The process from 5 to 6 represents the adiabatic expansion

to ambient pressure in tne nozzle with a polytropic efficiency of

1.0 in the ideal case and 0.98 in the nr nidealizod case. The thrust

per unit of mass flow of the engine is calculated as a function

of the flight Mach number from the change in momentum.

9Figures 16 and 17 show the primary engine thrust per unit

of mass flow at two altitudes as a function of the flight Mach

number for engines with a compressor pressure ratio, Pe, of 5 and

35, and turbine inlet temperatures, T4 , of 2500°R and 3500
0 R.

The low pressure ratio engine can, of course, achieve higher

Mach numbers than the hi-h pressure ratio engine before its

thrust fall off to zero because of the high temperature limit.

At each flight Mach number the pressure ratio, PR, can be deter-

mined (PR=P5 /P2 ) ; and the temperature ratio, TR, can be determined

(TR=T 5/T2. The performance of an ejector for the values of PR

and TR can then be calculated at M =1 and various bypass ratios.
5

If the ejector is choked, the ejector performance is calculated

on the boundary of the forbidden region for that bypass ratio.

Once the total pressure and temperature of the mixed flow

is known, the thrust per unit mass of the mixed flow can readily

be calculated assuming an adiabatic expansion to ambient pressure.

A polytropic efficiency of 1.0 was assumed in the ideal case,
and 0.98 in the nonideal case. The thrust per unit mass flow

can be determined from the momentum change and the thrust augmen-

tation, p, calculated from the following equation:

= ( + )(T/m)/(Tp/m). (5)

The calculations were terminated when the pressure ratio, PR,

dropped below one.

In addition to thrust augmentation of an ejector, we also

calculated the performance of a mixing-fan jet engine. Using the

same polytropic efficiencies as for the engine alone, we determined

a common pressure at the exits of the turbine and fan which matched

32
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100 2500'R

90~ 0.85

~i.Pe 5
80

70

ALTITUDE 30,000 FT

60 -6

~50 ALTITUDE 0.0

40

30

20

10

0
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2

70 AITD = 30005

60 ALTITUDE *0.0

.E50

40

30

20

J10

10

0 0.2 0.4 0.6 0.8 1.0 1.2 1. 1.6 1.8 2.0 2.2

Figure 16. Basic Engine Specific Thrust for a Compressor
Pressure Ratio of Five at a Turbine Inlet
Temperature of 2500OR (16a) and 3000OR (16b)
at Sea Level and 30,000 feet.
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40
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0 ALTTUD 30,00 0.FT . 12 14 16 . . .
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e30

J1%Figure 17. Basic Engine Specific Thrust for a Compressor
Pressure Ratio of 35 at a Turbine Inlet
Temperature of 2500OR (17a) and 30000 R (17b)
at Sea Level and 30,000 feet.
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the work required by the fan (at a particular bypass ratio) and
the work produced by the turbine. The two flows are then mixed at

this pressure at low velocity; the common pressure is then the

stagnation pressure of the mixture. Since the exit temperatures

from the fan and turbine are also known, the mixed total temperature

can be evaluated and the final state of the mixed gas is known.
Thus, the thrust per unit mass can be calculated and the thrust

augmentation determined from Equation (5).

A substantial amount of data were obtained from this study

and Table 6 details the various conditions used to present

Figures 18 through 29. As indicated in Table 6, Figures 18 through

21 present results for the ideal case for compressor pressure

ratio of 35. As with the previous study in the neighborhood of

Mach one the thrust augmentation is near one or less than one

for the ejector. However, for the high pressure ratio engine it

remains low even in the supersonic region, although it does

slightly exceed one in that region. On the other hand, the thrust

augmentation for the ejector is substantial at low subsonic Mach

numbers on all the figures, even after taking account for losses.

The mixing fan shows substantial thrust augmentation through-

out the entire Mach number range even after reasonable component

efficiencies are assumed on the later figures; Figures 22 through

29.

If we consider the low pressure ratio engine in the non-

ideal case, Figures 26 through 29, we see that the ejector again

shows a thrust augmentation at the supersonic Mach numbers. Again

this is the result of an action more like a ram jet since it

results from the energy transfer which results from the temperature

difference between the primary and secondary.

Generally mass flow entrainment in ejectors would be very

large (i.e., of the order of 10 or more). If one considers a

mixing fan with similar flow rates being pumpted into the system,

then the size of the engine will make integration with airframeK a very difficult problem. On the other hand, distributing the
engine air and entraining the outside air in larqe volumes will

N
35
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not present insurmountable problems for integration. Ejectors

therefore are attractive devices from the point of view of

simplicity and integrability.

Curves such as the ones in Figures 18 to 29 must be viewed

in the light of the comments made above. Otherwise, it might

deter consideration of ejectors.
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TABLE 6

THRUST AUGMENTATION DATA ARE PRESENTED FOR THE
FOLLOWING COMBINATIONS OF FIGURES 18 to 29

Figre Compressor Turbine Inlet''-Figure Altitude
Number Pressure Temperature (kilofeet) Tl= nt = cNbeRatio, Pe OR

18 35 2500 0 1

19 35 3000 0 1

20 35 2500 30 1

, 21 35 3000 30 1

22 35 2500 0 0.85

23 35 3000 0 0.85

S24 35 2500 30 085

25 35 3000 30 0.85

26 5 2500 0 0.85

27 5 3000 0 0.85

28 5 2500 30 0.85

29 5 3000 30 0.85
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SECTION 6

CONCLUSIONS FROM THE EJECTOR STUDY

Based on the results of the studies presented in the previous

sections for constant area ejectors, we have drawn the following

conclusions:

(1) In general, on the supersonic branch :th " ::.

curves constructed for a given bypass ratin aik

curves cannot be realized in an ejector of vawii, •

Figure 7).

(2) In general, these curves, therefc rt, ,

for values of M > 1 on the supersonic solutirr ir
S -

(3) Isolated points on the supersonic -

be achieved at values of Ms <1 but the uffico

may not exceed the value of efficiency at M 1 Is., A::.

for an example).

(4) The value of the efficiency at M = 1 n !!L' I; Fjz'V'!C
S

branch is representative of the maximum efficiency if not the

actual maximum efficiency (see Figures 4, 7, and 2).

(5) At lower temperature ratios the efficiency on the
supersonic solution branch may be higher at values of Ms > 1 than

at Ms =l (see Figure 5). However, conclusion (4) is still valid

since these higher efficiencies are probably not high enough to

make a significant difference in the overall conclusions.

- (6) All of the thrust augmentation studies presented herein

indicated little or no thrust augmentation at flight Mach numbers

near one.

(7) The basic study of thrust augmentation shows a reversal

of the effect of temperature at subsonic and supersonic flight

Mach numbers: at subsonic flight Mach numbers, increases in tem-

perature reduce thrust augmentation while at supersonic flight
Mach numbers, increases in temperature result in increases in

thrust augmentation ratio (see Figures 10 through 14).

it.. 50



(8) Pressure ratio has only a very small effect on thrust

augmentation ratio (see Figures 10 through 12 and 13 to 14).

(9) Thrust augmentation ratios at low subsonic flight

Mach numbers were substantial for all cases studied.

(10) Thrust augmentation levels at supersonic flight Mach

numbers were adequate for the low pressure ratio engine cycle,

but less than one for the high pressure ratio cycle.

(11) As expected, mixing-fan thrust augmentation was superior

to the ejector for the same bypass ratio and flight Mach numbers

(see Figures 18 through 29). This superior performance is achieved

at the cost of complex rotating machinery and total weight.

(12) The thrust augmentation of the mixing-fan also fell off

substantially with increasing flight Mach numbers.

Since no analytical technique was found that could determine

the maximum efficiency of an ejector, it was necessary to base

our results on a numerical study of an ejector. The Fabri and

Siestrunck inlet condition enabled us to determine a reasonable

representation of the maximum efficiency that would be obtained

for a wide range of parameters. Even though we know of some cases

where higher efficiencies could be achieved (low temperature

ratios and Ms > 1) we do not believe that an actual ejector (with

wall friction for example) could achieve efficiencies higher than

those that we used. Thus, we believe that our results give
reasonable estimates of the upper limits to performance that one
can expect from an ejector over the range of parameters studied.

Conclusion (6) states that the thrust augmentation ratio of
"constant area ejectors" is less than one at a flight Mach number

around one. Therefore, this type of thrust augmenting ejector

cannot be considered as a potential substitute for a turbo fan

in a propulsion system for transonic aircraft. This raises two

questions: (1) is thrust augmentation less than one near a Mach

number of one an inherent characteristic of all types of thrust

augmenting ejectors, and more broadly, of any type of momentum
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exchange process not employing rotating machinery? And, (2) can

ejector techniques in view of the limitation near Mach one be of

any use for aircraft applications?

We feel that many useful applications of ejectors to air-

craft are still possible at low flight speeds and that there are

methods available to obtain thrust augmentation at Mach numbers

near one. Some of the application areas are as follows:

(1) ejectors for STOL and VSTOL;

(2) boundary layer ejector systems;

(3) new approaches to momentum exchange

* co-flowing

o cross flow

* counter flow.

Thrust augmenting ejectors for VSTOL and STOL have the

following advantages:

(1) high thrust augmentation capability of advanced compact

ejectors at take-off and low flight speeds;

(2) feasibility of a large variety of shapes for the ejector

shroud (from axisymmetrical to high aspect ratio slot configurations);

(3) resulting high performance capabilities and synergistic

effects of ejector and wing

e prevention of flow separation by wing-boundary

layer energization

* strong supercirculation; very high CL,max ; improved

L/D

e favorable transition from "hover" to conventional

flight (as flight speed increases, the vertical
thrust component of the ejector decreases to a

lesser degree than the aerodynamic lift increases).

In the boundary layer ejector systems the trailing edge

region of the wing is configured as a very compact two-dimensional
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ejector, which uses only wing boundary layer air as secondary

ejector fluid medium. This results in performance characteristics

and synergistic effects as follows:

(1) thrust augmentation does not drop to zero at flight

Mach number around one and is extended into the supersonic flight

regime;

(2) drag reduction due to restoration of the wake to free

stream velocities;

(3) prevention of flow separation by boundary layer

energization;

(4) improved wing characteristic (increased CLma and L/D);

(5) possibility of boundary layer control by suction (if

desired, the boundary layer ejector can be employed for a greatly

simplified flow laminarization system).

In order to capitalize on the potential that these systems

have, we recommend the following approach toward an ejector-

aircraft design:

(1) Determination of major performance and design (geometry)

parameters of two-dimensional ejectors under true environmental

conditions, including simulated wing-boundary layer air for

secondary fluid medium.

(2) Ejector-aircraft systems are major long-range projects

requiring team efforts which combine expertise in ejector-engine-

aircraft design.

However, before building an ejector-aircraft prototype,

lessons learned from past failures of ejector-aircraft must be

carefully avoided. This requires:

e a thorough comparison analysis of potential ejector

wing fuselage configurations

* functional development of all critical system components

and
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* performance verification under true environmental
conditions of these components.

In order to further our understanding of ejector processes

we also recommend that studies of co-flowing ejectors be made

using computational fluid dynamics (CFD). The code used by
10

Scott and Hankey to study the flow in combustors would be ideal

for this purpose. Fundamental understanding of the processes

could be greatly enhanced by such studies. In addition, studies

of ejectors not having a constant area can also be studied with

this code to determine the performance of such ejectors.

In addition to the more traditional approaches just dis-

cussed, we present some entirely new concepts in the next section.

These new concepts have the potential of providing improved

methods of transferring availability between fluid streams without

using moving parts.
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SECTION 7

NEW CONCEPTS AND RESEARCH APPROACHES IN THE FIELD
OF DIRECT ENERGY TRANSFER PROCESS

Processes of transferring energy from one working medium of

high energy content to one of lower energy content play a key role

in aeropropulsion and other technology areas. Usually, in these

processes, turbines and compressors are employed transferring the

energy from one working substance to another, except in the

so-called direct energy transfer processes. In these processes the

" energy transfer is accomplished by direct contact of the inter-

acting media without the use of machinery.

Direct energy transfer processes have attracted a great

deal of interest because of their inherent structural simplicity,

low weight and cost, and high reliability; their problem, however,

is to achieve high energy transfer efficiencies.

Distinction can be made between two major classes of direct

energy transfer processes, namely:

e unsteady flow energy transfer processes
*pJb

* steady flow energy transfer processes.

Examples for processes in which energy is transferred from one

fluid medium to another one by means of unsteady flow are:

e shock tubes

e pulse jets

e dynamic pressure exchangers

- non-steady flow ejectors (non-steady flow in either

primary or secondary flow or both).

Examples of steady flow direct energy transfer processes are:

- Continuous flow ejectors (for jet pumps, thrust augmen-

tors, and other applications).

The following discussion deals with steady flow direct

energy transfer processes, specifically with continuous flow
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ejector-type devices for various applications in the field of

thrust augmentation and pumps. Before discussinq new approaches

and concepts which depart from conventional ejectors, it will be

most beneficial to briefly synopize the major characteristics of

current ejector processes:

(a) Current ejector processes are based on momentum

exchange between two mass-streams flowing in the

same direction through a mixing duct (Figure 1).

In the following, such processes will be referred

* -q to as "co-flowing momentum exchange processes."

The momentum exchange in these processes is

accomplished by mixing. The shape of the mixing

duct is not limited to simple geometries, i.e.,

straight, constant duct cross-section. The mixing

duct may be curved and its cross-section may vary

with length.

(b) At the onset of mixing, the two interacting media

have differences in one or more of the following

* -" fluid flow parameters:

-[- e velocity

e total and/or static pressure

* total and/or static temperature

e physical or chemical characteristics (chemical

reactions during mixing will not be considered).

The medium having at the onset of mixing the greater

total pressure is called the "primary medium", the

medium having the lower total pressure is called the
"seconddry medium."

(c) Within the mixing duct:

' the total mass flow is conserved

. in case of an adiabatic mixing process, the stagna-

tion enthalpy is conserved

h.5



o if the internal flow does not exert a force

component in the flow direction upon the inner

surface of the mixing duct, then the impulse
functions at mixing duct entrance and exit are

equal.

(d) In "co-flow" type ejectors, mass and momentum trans-

port are coupled by the transport velocity U(x,y) as

follows

o mass transport m = p(x,y) • U(x,y) dA
farea

e momentum transport M f) q(x,y) U 2 (x,y) dA
farea

where p(x,y) and U(x,y) are, respectively, the

mass density and transport velocity at a given

duct cross-section as a function of position

(x,y).

(e) Two major categories of loss mechanisms can be iden-

tified in current ejectors:

e intrinsic losses associated with the mixing

process

e parasitic drag losses.

The parasitic drag losses are due to skin friction

and possible flow separation at the inner surfaces

of the ejector shroud, which consists of inlet duct,

mixing duct and diffuser (a diffuser is mployed if

necessary for matching mixing duct exit conditions

with environmental conditions).

The parasitic drag is not of a fundamental nature;

it can be strongly influenced by the design of the

ejector shroud and method of primary injection.
For example, the parasitic drag can be reduced by

reducing the mixing duct length required for adequate

*, mixing. This can be made possible, for example,
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by employing a multiplicity of primary nozzles,

by hypermixing nozzle shapes, or by accepting a

certain degree of incomplete mixing.

The intrinsic losses associated with the mixing

process are of a more fundamental nature and depend

on the particular co-flow geometry chosen. For

obtaining an upper bound of ejector performance

and efficiency, the mixing losses can be determined

analytically without taking parasitic drag losses

into account. In flows where the total enthalpy

is conserved, the ejector performance is completely

determined by the total pressure after mixing,

when mass flows and total pressures and temperatures

* -" of primary and secondary media are given.

The ratio of actual ejector performance to the

performance resulting from an idealized mixing

process having constant entropy for the system is

most conveniently given by the ratio of availabilities,

before and after mixing. We refer to this as the

availability efficiency (hav).

* ."Another useful pseudo efficiency is the ratio of

actual ejector exiting kinetic power to the kinetic

power of the primary working medium expanding to

a pressure equal to the stagnation pressure of the

secondary working medium. This is called the kinetic

energy efficiency (q K).

(f) Perhaps the most important characteristic of all

co-flowing ejectors is that the differences between

the flow parameters of the interacting working

media (as previously defined under "b") are greatest

at the beginning of the mixing process and decrease

through the process of mixing. At the end of the

mixing process (in the ideal case), the mixed flow

has a homogeneous gas composition, temperature,
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pressure, and velocity. The consequences of

this type of equilibration process are, two-fold,

namely:

* An intrinsic increase in system entropy (or

loss in availability) will occur during the

mixing process. This increase in system entropy

will be substantial, if at the onset of mixing

the differences between the flow parameters such

as temperature, pressure, velocity of the inter-

acting fluid media, are large.

e Only a fraction of the initial momentum of the

primary working medium can be transferred to the

secondary working medium, because the primary

and secondary working media are brought by

mixing to equal speed pressure and temperature

(vm Pom' Tom' respectively).

From the above synopsis it follows that major, intrinsic

performance shortcomings of current ejectors are a direct con-

sequence of the co-flowing momentum exchange process. In the
following, a discussion is given about momentum exchange processes

which depart from the co-flowing type.

7.1 FUNDAMENTAL RESEARCH AND NEW CONCEPTS IN THE FIELD OF
MOMENTUM EXCHANGE PROCESSES

Practically all research and development efforts on mixing

phenomena and ejectors have been conducted in the area of co-

flowing momentum exchange processes under shrouded and unshrouded

(free jet mixing) conditions. Basic research as well as devel-

opment work is needed on novel momentum exchange processes of the

cross flow as well as the counter flow momentum exchange types.

(These terms are chosen because of their close analogy to heat

exchange processes, which are categorized according to co-flow,

cross flow, and counter flow types of heat exchange; the most

efficient heat transfer processes are of the counter flow type.)
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First, the counter flow momentum exchange process will be

described. In one-dimensional flow, only co-flow momentum

exchange processes are possible. However, in axisymmetrical or

two-dimensional flow configurations both a co-flow and a counter

flow momentum exchange process can be realized, as illustrated

in Figures 30 and 31, respectively. In Figure 31 the flow con-

ditions are similar to those in fluid flow machinery: the mass

flow per second is determined by the axial flow component, the

density, and the annular area, while the angular momentum per

second is determined by the tangential velocity component and
the mass flow per second.

Since the axial velocity component can be small in compar-

ison to the tangential velocity component, the primary and secondary

gas flows can have either the same or opposite axial flow directions.

It is important to realize the inherent functional differences

resulting from these two possibilities; the latter allows for a

counter flow momentum exchanger.

In the co-flowing process the greatest differences in total

pressure exist at the onset of the mixing between the primary

and secondary fluid media. As a consequence, this mixing process

results in intrinsic losses or in an increase in total system

entropy. In contrast, in the counter flow mixing process the

secondary fluid medium comes first in contact with the primary

medium after the energy of the primary medium is attenuated.

As a consequence, the intrinsic mixing losses or system entropy

increase are greatly reduced (under ideal conditions they can

become zero).

In Figure 30 a cross flow concept is illustrated for a

two-dimensional configuration. In the schematic shown, a rotor

is used to establish vortices at a frequency corresponding to the

natural Strouhal number of about 0.3 for the configuration (other

configurations would not require a rotor). Eddies produced would

exist for a longer duration before breaking into smaller scales.

Because of the curvature of the channel, the eddies flow across
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. the primary flow and can be accelerated to higher velocities

* with little exchange of thermal energy. (The primary and secondary

are in general at different total temperatures.) The primary and

secondary flows are separated at the exit.

Thus, we see that it is possible to describe momentum

exchangers that operate on counter flow and cross flow configura-

tions and permit, to some degree, the uncoupling of the thermal

energy transport from the momentum transport. Such devices may

have applications in many fields and could produce fundamental

information concerning mixing phenomena. Thus, we believe that a

research program should be established to investigate these con-

cepts in view of many promising Air Force applications that can be

envisioned.
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APPENDIX A

RELEVANT EJECTOR EQUATIONS

MIXING FORMULA
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C in C mn +C in
V in V p v s
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m

Fnn r
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pp /Cps

Cp /C~ = rii+w)/[w (r+1)I

R m/Rs = (mn+W)[Wr+1

pp p pm in

R ;n /R rMn +
p p m m
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APPENDIX B

.. THE INLET FLOW CONDITIONS ALWAYS ADMIT THE SOLUTION
OFP = Pos AND Ms  1.0

In order to determine the value of P /P at a value of
OS op

M* = 1, we can solve the second inlet condition equation given in
S

Appendix A for P os/Pop

__ A* _ _e____MPos _ (B. 1)
P A .. 1(Bl

op s l )2 (Y+1 Y -1 M *2\ 7 -

(~
1

Ms) k2 2 s LY-1

Now from the first Equation of the inlet conditions we see
that if M*= 1 then M* =M*. Thus, Equation B.1 gives a 0/0 or

s ep p
indeterminate form when M* =1. However, L'Hospital's Rule canS

be used to determine the value of M*= 1. A double applicationS

of L'Hospital's Rule is required. It results in:

Pos_ 1 A* M - 1 d 2M*
os 1 p p ep (B.2)

- op 2 As  M* 2  d M* 2

p s M* 1
s

o.', In order to evaluate Equation B.2 we must use the first of

the inlet equations given in Appendix B:

a 1 1
-* y M*2  yl A Ay-

.- 2 ep) = A* ( 2 2
epp p 2

(B.3)
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After differentiating Equation B.3 twice we obtain:

%0d 
2M* A M2Y-l

2ep - 2 (yi- p (B.4)
2AT t*l 2 M*1

dM* p p P

Substitution of Equation B.4 into Equation B.2 results in

Y

.4 Os) (Y + 1 Y l- M*2) Y-l (B.5)
Ip

Now

p p p
Pis op O os (B.6)

p p p

(-~lsM*1Os op op

Using Equation B.5 along with the well known isentropic

realtions yield

ls (B.7)

M* - 1

Therefore, the inlet conditions always admit the solution

where M* Mls';P P = arnd the ratio P0 5 /P0  is determined

from Equation B.5.
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APPENDIX C

AN EXAMPLE OF AN ISOLATED POINT ON THE
SUPERSONIC BRANCH WHERE Ms < 1 AND P = PIs

As stated in the text an isolated point may exist on the

supersonic branch where M s <1 and Pi Ps The investigation. 1ss'
of the supersonic solution branch where Ms <1 showed that most

points could not be achieved in an ejector. However, one can

show, by an inverse procedure, that an isolated point may exist

where M <1 and P1 p =Pl

Table C.1 presents the result of applying the Fabri and

Siestrunck inlet conditions to an ejector design where M* = 1.7
p

V (Mp = 2.1555), A /A* = 1.928 (Al in Table C.1), A /A* = 2.000
pp p s p

(as in Table C.1) and TR = 1.15. Note that A/A* = 2 + 1.928
p

3.928. Using the procedure described in reference 7, we found

pressure ratios, PR, required to achieve various values of M*
5

(MS in the table). The ratio of P lp/Pls is also listed in

Table 3.1 and we note that it achieves a value of 1 at M*= 1 and
S

about at M* = 0.7 at which point the bypass ratio (MU in the table)

is 0.25848 and PR = 7.40451.

Thus, if we run the design program with the values of 3,

PR, and TR indicated at M* = 0.7 (Ms = 0.6668) we should recover
R s

this point and we know that it satisfies the Fabri and Siestrunck

inlet conditions.

The computer output for this "inverse" run is shown in

Table C.2. Indeed we see that at Ms = 0.6668, Mp = 2.155 is

reasonable and A/A* = 3.928 is also reasonable. Thus, this
554P

particular point on the curve can be achieved and the value of

the efficiency is about 0.883. Note, however, that this value

of efficiency is less than the value at M =1, where it is 0.890.
The value of the efficiency at M =1 is slightly less than the

S
-[' values found at supersonic values of M5 •
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TABLE C-2

" NSTA,(T MeASS FLOW

CONSTANT AREA SUPERSON.-"
PRIMARY VAPOR AIR SECONDARY CAS AIR

PR- 7 405 TR- I 150 GP=1 400 GS I 400 V- 1 00 WP= 2 00 WS: 20 .;
BY-PASS RATIOr C.258

MP P5' TifM VPIV VMIVS MM P' TIt GM NP T:PiTOS PIPPOP APIAS A!AP' 'FPOS P.": EFAV" SR

0 C!00 VIOLATION OF 2ND LAW REOUIRES NEGATIVE TEMPERATURES

0 100 VIOLATION OF 2ND LAW REQUIRES NEGATIVE 7EMPERATURES

0 1500 VIOLATION OF 2ND LAW: REQUIRES NEGATIVE TEMPERATURES

0 2000 VIOLATION OF 2ND LAW FOR ADIABATIC SYSTEMSREOUIRES WORK INPUT AND COOLING

0 1!00 VIOLATION OF ZND LAW FOR ADIAEATIC SYSTEMS:REOUIRES WORK INPUT AND COOLING

0 3000 VIOLATION OF 2ND LAW FOR ADIABATIC SYSTEMS REQUIRES WCRK INPUT AND COOLING

0 ,500 VIOLATION OF 2ND LAW FOR ADIABATIC SYSTEMS.REOUIRES WORK INPUT AND COOLING

0 4000 0 P96 0 969 4 099 4 397 2 401 0 330 0 520 I 400 2 04 0.547 0 121 1. .. , 56 i 2: 4 82 c oil C r::

0 4!00 1 870 0 96 1 677 3 814 23 0 180 0 553 i,400 2 05 ,. 542 0 . 1 '1 4 3! - 91 4 48 0 941 0 i.6
0 5000 0 843 0 952 3 342 3 ?77 2 1^! 0 420 0 576 1 400 2 07 0 !36 0 114 0 75! 4 288 0 96 4 29 v 913 14-1
0 5!00 0 814 0 943 3 071 . 039 21:9 0 451 0O592 1 400 2 10 0 53Z 0 0 818 4 071 0 94 4 10 0 890 2 ,6

0 6000 0 784 0 933 2 847 2 772 1 09 0.473 0 603 1 400 2 12 0 526 0 lb 0 B82 t 90! e 04 4 12 c 8S8 181

0 6500 0 7!3 0 922 2 661 2 55? 2 044 0 487 0 610 1 400 2.15 0.520 0 102 0 944 2 940 0 93 4 09 0 884 2 18!
0 7000 0 '2! 0 911 2 502 2 382 2 032 0 495 0.613 1 400 2 17 0 5!4 0 097 ' O13 3 0I 0 93 4 07 C 812 A :92

0 7!00 0 689 0 899 2 367 2 236 2 030 0 497 0 614 1 400 2 20 0 507 0 093 1 061 3 908 0 93 4 Ol 8 1 0192

0 8000 0 656 1 887 2 250 2 !14 2 035 0 493 0 612 1 400 2 23 0 500 0 00.0 ! 116 3 92! 0 93 4 0! 0 18B C.:0

08 5cO 0 624 0 8?4 2,149 20102 47 0 485 0 609 1 400 2 27 0 4973 0 084 1 169 3 ?50 0 93 4 09 0 8831 189

0 000 0 591 0 861 2 060 1 922 2 064 0 474 0 ,604 1 400 2 30 0 48e 0 080 1 219 ? 996 0 93 4 !a 0 885 0 10

0 9500 0 59 0.847 1 981 1 84! Z 085 0 460 0 599 1 400 2 34 0 478 0.076 1 207 1 055 0 93 4 11 0 80' 0 182

I 0100 0 529 0 033 1 91:, 1.779 2 III 0 444 0 592 !.400 Z 37 0 470 0 071 1 313 4 129 0 94 4 '3 0 891 0 ^

1 !50, 0 49 0 9 1 850 1 720 2 !39 0 426 0.585 1 400 2 41 0 462 0 067 1 357 4 216 0 94 4 14 " 892 0 ',?!

1 1000 0 46R 0 805 1 '94 1 669 2 170 0 408 0 576 1 400 2 45 0.454 0 062 : 399 4 316 0 94 4 16 0 94 0 :
0 1500 '3 440 1 791 1 745 1 623 2 203 0 388 0 5c68 1 400 2 49 0 446 0 059 1 439 4 429 0 94 4 17 0 896 0 148

I 200 D 412 41 3 76 1 '00 1 583 2 220 0 369 0 550 ! 400 2 53 0 43E 0 056 1 477 4 556 0 94 4 19 C '" 0 :1.
1 250 8 .3?6 0 762 1 659 1 547 2 276 0 349 0 550 1 400 2 5? 0 430 0 052 513 4 695 0 95 4 20 0 01C C '.1

I 2000 0 3 1 0 741 1 622 1 514 2 315 0 329 0 540 1 .40 2 62 0 422 0 049 5 4 8 4 848 .95 4 2 C 11 0 :..

1 3500 0 37 0 731 1 589 1 484 2 35! 0 310 0.531 1 400 2 66 0 414 Q 046 1 580 015 0 9! 4 23 t ! :s 2 :0 5

1 4000 0 314 D 710 1 558 1 458 2 30? 0 291 0.521 1 400 2 71 0 ;05 C .42 6 12 196 1 95 4 24 c : C

1, 10 :93 0 '04 530 ! 434 Z 440 C 273 0 !11 1 400 2 75 0 397 0 040 1 641 5 !92 0 95 4 245 C nc 0"4

1 5003 0 272 0 690 1 504 1 411 2 4H4 r 236 0 501 1 400 2 80 0 389 r37 ! 60 5 603 0 95 4 26 0 o:c :

1 1000 3 0 675 1 481 1 39 1 2q 9 0 '39 0 491 i 400 030 0034 1696 5829 9

1 6002 22S 0 661 1 459 1 373 2 575 0 2 23 0 481 1 400 2 90 0 373 0 32 1 721 6 t72 0 96 4 2 C 3'.

! eOC 0 218 0 647 1 439 1 356 2 a2" 0 20. 0 471 1 400 2 95 0 36! C 329 1 745 6 331 0 96 4 9 C 14

' 000 0 203 0 634 1 420 1 340 2 670 0 194 0 461 1 400 3 00 0 350 0 c2' : 768 t 600 0 95 4 e1 0 . .

.O 700 0 188 0 620 1 403 ! 326 2 7:8 0 :80 0 432 1 400 3 05 0 350 2 2 " '0 6 004 3 96 4 21 *

I 9000 174 0 60' 1 387 1 a12 2 767 0 167 0 442 1 400 ' 10 0 342 0 02 2 811 218 C 96 4 1 0 ii 5

1 8500 8 1e 3 !94 1 '72 2 00 2 6 16 0 156 0 433 1 480 3 15 2 3 25 2f 1 1 830 5 q53 3 9 t 4 -2 0 9 I
0 I 91.10 0 149q . 58! 1 i58 I 208 2 866 8 144 0 422 400 3 2.,0 1 Q2 C I :i9 Of c 96 ;4

1 0500 0 138 0 !56 1 345 1 2?7 2 917 0 134 0 414 1 400 3 26 0 21 019 8 ,6 20 . 4 1 2 91: C "-

2 00V01 120 0 !! 1 133 26 2 968 0 124 0 405 1 400 3 21 C 33.4 0 C1 i 8E; e 3 0c 35 C 0

: 0500 0 118 0 !43 1 321 1 25 3 024 0 115 0 396 1 400 3 36 0 307 0 0:6 1 'n0 9 1:0 0 94 4 35 0 922 C "'.
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